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Abstract

Some eutectic stripes have been generated in gdweaia(Zn) - single crystal. The stripes are sédateriodically with the constant inter-
stripes spacing. The eutectic structure in theasriconsists of strengthening inter-metallic conmglowZn¢Ti, and (Zn) — solid solution.
The rod-like irregular eutectic structure (with bches) appears at low growth rates. The regulagllameutectic structure is observed at
middle growth rates. The regular rod-like eutedimucture exists exclusively in the stripes at sagt@vated growth rates. A new
thermodynamic criterion is recommended. It suggdststhis eutectic regular structure is the wininea morphological competition for
which the minimum entropy production is lower. Angoetition between the regular rod-like and the f@glamellar eutectic growth is
described by means of the proposed criterion. Bnmdtion of branches within irregular eutectic stane is referred to the state of
marginal stability. A continuous transitions frorhet marginal stability to the stationary state aomficmed by the continuous
transformations of the irregular eutectic structate the regular one.

Keywords: Eutectic structure selection, (Zn) — single crysBahnching phenomenon

i the Ti - solute segregation should appear in thglsicrystal bar.
1. Introduction In fact, the segregation has already been revemieddescribed
for the inter-stripes region, [2]. The descriptiwas possible due

. > ; . to an equation developed generally for some hypeetic alloys,
Bridgman method with appropriately imposed both a constant [3]. Th(ja mentioned pequgtion isy associatedypwith ﬂ’[ﬂl}lte

growth rate,v, and a constant positive thermal gradie®t, [1]. segregation and redistribution after back-diffusion
Usually, the stationary state is ensured for theglsi crystal The reinforcement of the (Zn) — single crystal asviole
formation by the directional solidification. Thevigstigated zinc  gepends on the stripes width and on the type @otiatstructure

alloys contain a small additions of titanium andoper. in the stripes. The origin of the stripes appeagamrsults from the
Therefore, some eutectic stripes are expectedpeampn the (Zn)

- single crystal morphology, [1]. Moreover, the pbmenon of

The (Zn) — hexagonal single crystal can be produnethe
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nature of the Zn-Ti phase diagram in which the @igegpoint is
situated near the Zn, [4].

The eutectic stripes are localized periodicallynglthe (Zn) —
single crystal bar, Fig. 1la. The structure tramsftions in the
stripes occur in terms of the applied growth rate[1].

Since the back-diffusion intensity depends on thgstal

growth rate,v, [5], the small adjustments of the stripe widtk ar

possible through the growth rate choice. It occbeszause the

crystal growth ratey, decides on the creation of an additional

precipitate, that is the non-equilibrium eutectiegpitatej, (v) ,
[5]. First of all, the stripe width depends on ti@minal titanium

concentrationN,, in an alloy subjected to the unidirectional

solidification. The choice of thi,- nominal solute content

decides on the appearing of the equilibrium eutegtecipitate,
is (Ny), [5], and in the consequence on the stripe widime

higher is the solute concentration in a hypo-eigeatioy the
bigger is an amount of the equilibrium eutecticcipitate, i, . It

becomes obvious, that the (Zn) — single crystansfthening can
be controlled experimentally not only by an apglma of the
proper crystal growth ratey, to the Bridgman system but
additionally, by the selection of tiNy- nominal titanium

concentration in the studied Zn-Ti-Cu alloy as well.

In the current model, some transitions from oneatother
eutectic structure in the stripes will be confirmémoretically
with the use of a new thermodynamic criterion whigh
recommended. The criterion suggests that this gcteegular
structure, lamellar or rod-like, is the winner inmerphological
competition for which the minimum entropy produatids
localized lower. Additionally, a concept of mardisgability will
be introduced to justify the appearance of a brimgch
phenomenon in the irregular eutectic structure.
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2. Experiment

The growth of the (Zn) — single crystal was perfechby the
Bridgman system equipped with the moving temperature filed.
The applied growth rates were situated within thenge:
3<v<16[mm/h]. The thermal gradient created at the solid /
liquid (s/l) interface of the growing single crylstaas about:
G =80 [K/cm]. A graphite crucible was used in the expants.
Additionally, a protective argon atmosphere wasliadpto the
Bridgman system furnace. Some ingots of the ZnTi0.01, ZriOti0
and zZnTi0.1]Jwt %] alloys, were prepared as a chamehe
Bridgman system. The size of the produced (Zn) — singlstaty
was 26x6x120 [mm].

The studied (Zn) — single crystal was doped byrapumt of
copper, (0.1 or 0.15 [wt %]). The addition of copp®difies the
specific surface free energy of the s/l interfadae. the
consequence, some higher crystal growth rateso(di fmm/h])
could be imposed in the experiment.

Copper does not form any inter-metallic compounch wiite
zinc but is localized in the (Zn) - zinc / titaniusolid solution.
The titanium forms théaceted inter-metallic compound with the
zinc, ZngTi, Fig. 1b.

When a given nominal solute concentration is fix@dpntrol
of the stripes width is possible by the selectibthe growth rate,
v, only. It is obvious, because the imposed growdtey,

decides on the value of the back-diffusion paramety),

during solidification, [5] and finally on the amaduof the non-
equilibrium eutectic precipitatei, , as mentioned. The stripes

appear in the (Zn) — single crystal in a cyclicamer with a
constant inter-stripe spacing, Fig. 1a.
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Fig. 1. (Zn) single crystal, a)stripes localizedipdically in the (Zn) — single crystal along itsig(scheme), b) regular rod-like
morphology of the stripe(Zn) =a , ¢) crystallographic orientation of the Zhi — eutectic phase and localization of stripesinithe
single crystal

96 ARCHIVES of FOUNDRY ENGINEERING Volume 14,

Issue 4/2014, 95-102



The regular eutectic morphology appears in th@esrin the
following manner:
1) for the 0<v<yv, growth rates range, the areas of regular L-

shape rods exist inside a generally irregular ikel-¢utectic
morphology,

for the v, <v<v, growth rates range, the transitions from
irregular rods into regular rods (disappearing cdnigches)
and next into the regular lamellae occur; so, redsl
lamellae co-exist in the stripes morphology,

for the v, <v<v, growth rates range, the regular lamellae

are the exclusive form,
for the v, <v <v, growth rates range, regular rods appear in

the stripes, only.
The threshold growth rates are:=5, v, =5.8, v, =10 and
v, =16 [mm/h].

2)

3)

4)

3. Thermodynamics of the stripe
morphology formation

The eutectic morphology formation in the stripeguistified
thermodynamically.

First of all, a steady-state growth is ensured bseathe
constant crystal growth rat¢, and a constant positive thermal
gradient, G, are applied during solidification in thBridgman
system.

Generally, two eutectic morphologies are distingets

a) regular morphology defined by only one selectedriphase
spacing when a given growth rate is applied; thecisy
corresponds to the minimum entropy production ie th
envisaged system,

b) irregular morphology in which the perturbation waappear

at the s/l interface of theon-faceted phase; consequentially
a branching phenomenon occurs, Fig. 2.

Ri

Fig. 2. Generally irregular eutectic structure vétime areas of
the regular eutectic structure (the scheme repetiatter, [6])
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When the perturbation evinces its maximal wavelertben
thems- marginal stability is reached in this area, asua®ed in
the current model.

Next, the perturbation wave decays and this lotahterface
tends to have a parabolic shape, typical for thectire formed
under thess - stationary state. Finally, thisns - maximally
irregular area of structure (with the branch bitietomes thess
- regular structure situated inside the generatiggular eutectic
structure, Fig. 2.

AL - perturbation maximal wavelength which can apedne s/I

interface of thea - non-faceted eutectic phaser,ﬂ - rod radius of
the3 = ZnyTi - faceted phase,R - inter-rod spacing for the
regular eutectic structuress - area of the structure formation
(regular one) in the stationary stats, - area of the structure
formation with the presence of a maximal pertudra®f the s/I

interface of thenon-faceted phase and the birth of tHaceted
phase branch.

3.1. Crystal growth in the stationary state

Two types of the regular eutectic morphology appeathe
stripes: rod-like and lamellar one. It involves ttedculation of
the entropy production for both mentioned strucui@mation.
The general definition of the entropy productionr pait time,

PP, (connected with the mass transfer, only) is:
pP :jvadv S=RL (1)

V - volume selected in the system (inside We all essential
fluxes must occur, [7]);
o - entropy production per unit time and unit volyme

[mazefr,z/(m%)] calculated for a constant temperature,(

T. —AT(Vv)), of the s/l interface of the growing eutectidisr

whereAT is the s/l interface undercooling;
subscriptS=R,L, is: R - for rod-like, L - for lamellar structure
formation.

o=ReC*(1-C)" DI*C (1a)
R’ - gas constant] / (moleK)|;
& - thermodynamic factor, [dimensionless];
C - solute content in the liquidat.% ;
D - diffusion coef‘ficient,[m2 / s].
TheV - volume, (adequate for integration, Eq. (1))étermined
in Fig. 3.
The s/l interface curvature,=g(r) ; z= g(x) ), has a crucial

effect on the concentration field in the liquid].[§herefore, the
s/l interface shape is analyzed in the currentrifgm, Fig. 3.
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Fig. 3. TheV - volume,applied in calculation of the entropy
production per unit time, Eq. (1); a/ for the rdde regular
structure, wherez =g (r) - function describes the s/l interface

curvature; b/ for the regular lamellar structuréeve z=g(x) -
function describes the s/l interface curvatagejs a thickness of
the diffusion boundary layer at the s/l interfgoa]

R=2(r,+r,) 4 =2(S,+S,) (1b)

Eq. (1a) contains the termsDO’C(x,z)for the regular

lamellae orDI]ZC(r,z) for the regular rods growth, respectively.

Therefore, Eq. (1) requires to consider, at ledse simple
solution for diffusion equation with the cosineisercommon for
both lamellae, [9]. However, a more realistic siolt for
diffusion equation with the cosine series treategasately for
each lamella, [10], should be applied.

In this case, the diffusion equation for the stadiy regular
eutectic growthDO’C(x,z)+voC(x,z)/0z=0, vyields the

following solution:
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a) for the a - eutectic lamella formation (the (Znhen-faceted
phase in the Zn — Ti system),

oCc(x,z) = g%n_lco{(zn—l)nxJ ex;E—(zn_])” z} )

2s, 25,

4 % (2n-1)mx

=——— | f (x)cod ——|dx n=1,2,..(2a
As =Gy () { 75 J (22)
b) for thef - eutectic lamella formation (the Z1i —faceted
phase in the Zn — Ti system),

5C(x2)= ian_lco{(Zn—l)ﬂ(X—Sg + SB)] eX‘E_(Zn —1)ITZ

2s, 2s,

an—1:_L j. fﬁ(x)co{(zn_l)ﬂ(x_s"+Sﬁ)]dx

(2n-mg’ 2s,

Ne—

(3a)where, f; - function applied to the boundary condition,

[at.%] , (j =a,B), respectively;x,z - geometrical coordinates,

[m].

The above solutions, Eq. (2), Eq. (3) satisfy tbeal mass
balance, Eq. (4), provided the - faceted phase protrusion, is
taken into account, Fig. 4.

Sq+Sg
[ &C(x,d)dx=0 )

S,

Sq
| &C(x,0)dx +
0

a

G

>

" \7 -«l’.’,
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0C(x, z)+Cg /
4

Sa+25p

Fig. 4. Visualization of théaceted phase protrusionl, ; the value
of thed - parameter results from the local mass balance
calculation, Eq. (4), performed for the solute amtcation micro-
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field in the liquid, localized in front of the o(+ ) eutectic
lamellae
The presence of thel - faceted phase protrusion, predicted
theoretically, Fig. 4, has been revealed in thipetmorphology,
as shown in Fig. 5.

Det WD — 10pum
SE 10.1 ZnTio01

AccV Spot Magn
25.0kV 4.0 2000x

Fig. 5. The ZygTi phase protrusiong , revealed in the stripes;
the (r,z) - coordinate system is attached to the s/l interf
advancing in theZ - direction with the velocityy, at stationary
state; the system localizes the Ti — solute comagah micro-
field in front of the (@ + ) — eutectic structure

Additionally, some values of the specific surfaceeef
energiesgyq (V) 0 (V)5 Om-amen (V). Fig. 6, are to be
introduced into the entropy production calculatlmesed on Eq.
(5), Eq. (6). The energies must satisfy the medahmiquilibrium
considered at the triple point of the s/l interfadgectors
parallelogram), for each of the crystal growth rate[11].

25
Zn—ZngTi
o~
2 4
E o
<
— 15 1 \ —_— GIZn
< L
2 —o0
8 10 - Zn16Ti
©
& 5 S S S
0 r r T T T

2 4 6 8 10 12 14 16
v [mm /h]
Fig. 6. Changes of the specific surface free enemgzy) , and
inter-phase boundary free energ;{;zn)_mn in terms of the

growth ratey; their values vary with the eutectic phases
anisotropy (with a rotation of the crystallograpbigentation of
the both eutectic phases)

The final definition of the entropy production petit time is
as follows:
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PP =V, v(r, + r{,)_l +V, v(r, + r[,)_2 +V, V2
+V, V2 (1 +1, ) Vg V3 (1, + r{,)2

(6)

o -1 -2
P° =W, v(S,+S,) +W,v(S,+S,) +W,V?

2 3 2 (6)
+W, V2 (S, + ;) +W, v¥(S, +S,)

V.;W, n=1,..,5 coefficients contain material parameters, [12];
ni=ga;s;
rod-like (R) and lamellar L) eutectic structure within the -
volume, as shown in Fig. 3.

The regular eutectic structure formation is obsgmben the
solidification occurs in the stationary state. Bbationary state is
well described by the criterion of minimum entropgoduction,

[13], [14]. The criterion §P° /or|,=0; or dP° /0A|,=0) selects
the unique inter-phase spacing, or A, , for the regular eutectic

structure. Its application to Eq. (5) and Eqg. (@lds the so-called
growth laws:
a) growth law for the regular rod-like structurenf@tion,

j=a,B - parameters describe the geometry of

2V, v (1, +1, ) v, v(r +r, ) =V (41, ) =2V, @)
b) the growth law for the regular lamellar struetéwrmation,
2W V2 (S, +S,) +W, v(S, +S;) -W, (S, +S;) =2w, (8)

The minimization of Eq. (5) and Eq. (6) allows ftescribing
the competition between both regular structureadliar and rod-
like) formation in the stripes. This structure (Elfar or rod-like)
is the winner in a thermodynamic competition foriebhthe
minimum entropy production is situated lower asuassd in the
current model. The application of the suggesteteroin to the
description of the thermodynamic competition in stepes is
shown in Fig. 7.

1200
Zn — Zn16Ti
— 1000 -
E ——lamellae
. 800 | ——rods
‘; S
> 600 -
E st obs
E 400 - !
2 irr. rods i
200 - T rods
H
[} ]
2 4 6 8 10 12 14 1

v [mm /h]

Fig. 7. Theoretical visualization of the thermodyme
competition between regular structures formatiothestripes
strengthening the (Zn) — single cryst&™ is the minimal
entropy production calculated on the basis of Bjjatd Eq. (6)
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The minimal entropy production is situated lowether for
the regular lamellae or the regular rods formaticFhis
localization depends on the range of growth rd&es,7.

The analysis, (Fig. 7), does not describe the iagc
phenomenon observed over the growth rates radgev<v,,

when irregular eutectic structure is formed. Momm\his study
does not explain how the decay of branches ocawastberange,

v, <V<V,, when the irregular rod-like structure transforimi

regular lamellar eutectic structure.

When the branching phenomenon occurs, the critedbn
minimum entropy production is not sufficient to delse the
structure formation. The current model suggestdntooduce,
additionally, the concept of marginal stabilitysk®wn in Fig. 2.

3.2. Crystal growth at the marginal stability

In the case of the irregular eutectic structurentaion in the
stripes, O<v<y,),

marginal stability are found, Fig. 8. In fact, a&dring of the
stripes s/l interface allowed for showing maximattprbation of
the s/l interface of theon-faceted (Zn) — phase, Fig. 8.

L]
/ P
. . L 4
growth direction .

frozen s/l interface

&

Fig. 8. The maximal wavelength of the s/l interfaegturbation

visible in the stripe area of the extremely irreguhorphology;

the dotted line is juxtaposed to show more visthly undulating
shape of the s/l interface

At the same time, the branching phenomenon is ¢ggen
the area of maximal perturbation, Fig. 8. The jostn branch
tends to minimize the distance between two neighgorods.
Eventually, this distance will reach thé&}- value which

corresponds well to the stationary state, Fig. Oth& stationary
state the branch ends to grow.

It can be concluded that the stationary state pilagsrole of
an attractor in the envisaged system, Fig. 10.
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some areas which can be referred to the

.

Zn16-T1=

1
1
i
1 (Zn)=0L
u ”o

Zn16-Ti=p

id

Fig. 9. Rod-like irregular eutectic structure rdeean the stripe;
a) the minimalR - inter-rod spacing distinguished in the
generally irregular structure; the dotted linedsled to show the
parabolic shape of the s/l interface, (shape cheriatic for the
regular morphology, [15]); b) the minimal inter-regdacing
revealed in the stripe structure; the dashed sreperposed over
the s/l interface to emphasize its characterisgi@polic shape

The maximal wavelengthly, Fig. 8, can be defined as:

A=2n(r o 1(6-my, 6c)) ©)

Tz - Gibbs-Thomson capillarity parameterm,, - slope of the

liquidusline for the (Zn) — phase;G;- solute concentration

gradient at the s/l interface of the (Zn) — eutegthase which
appears in a given stripe.

Some remaining parts of stripe morphology are i 1hid-
states, that is, between the completion of a glw@amch growth,
Fig. 9, and the beginning of a given branch grovFig. 8.
Thermodynamically, these parts of morphology arehie mid-
states situated betweeh - point (stationary state) and — point
(marginal stability state), Fig. 10.

Eventually, it can be concluded that the stripespinology
formation occurs in a cyclical manner.

The paraboloid, Fig. 10b, is cut by ti@& = const. - plane, to

show the oscillation between, the and B points situated on the
local parabola, as explained in Fig. 10a. ®je - thermal

gradient is associated with the - crystal growth rate which
involves the R, - spacing appearance and with the - crystal
growth rate which yields a perturbation wave caatfwith the
AL wavelength), v, >Vv,, because the appearance of the
perturbation makes th®n-faceted phase growth a little sluggish.
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Fig. 10. A cyclical manner of the irregular euteciructure
formation in the stripes; a) an oscillation betwéen A -
stationary state, and thH8 - marginal stability state, shown on
the entropy production parabola which is drawn s@itecally for
a given thermal gradienG , b) a paraboloid of the entropy
production (the same paraboloid is assumed to lid: ¥g for the
( X, X ) coordinate system and B) for the, () coordinate

system),X; =G; X, - thermodynamic force associated with the
heat transfer X, =G; ; X, - thermodynamic force associated

with the mass transport (thermo-diffusion)); the tejectory
contains the local minima of the paraboloid, arelgheen
trajectory shows the localization of marginal sipstates on the
same paraboloid

b)

The paraboloid of the entropy productiomy (r,v), is cut by

the K - plane to show the vanishing of the cyclical mamof
the structure formation at th@, - critical thermal gradient. At
the critical thermal gradient the branching phenoomeis not
possible. Consequentially, the marginal stabilaypmot appear in
some areas of structure. The analogous situaticrested at the
small growth rates, whem,— 0, Fig. 10b. Then, the irregular
eutectic structure transforms perfectly into thguter structure as
confirmed experimentally for the Al-Si system, [16]
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4. Concluding remarks

Two thermodynamic states are distinguished forethiectic
structure formation in the stripes appearing pécalty in the
(Zn) — single crystal:

a) the stationary state defined by the minimum entropy
production referred to the regular structure apgeee,

b) the marginal stability state defined by the maximal
wavelength of perturbation referred to the birthbodinches
in the irregular structure.

Some structural transformations are observed insthipes
strengthening the (Zn) — single crystal:

a) regular lamellae transform into regular rods, & th -

threshold growth rate,
b) irregular rods transform into regular rods andhe same
time transition from the regular rods to the regudanellae

occurs, over the, v, range of the growth rates.

The regular structure transforms into another rgstructure
at the threshold growth rate, immediately, (for rapée: v, in
Fig. 7).

However, the irregular into a regular structurensiion
requires the certain range of growth rates to belieg
experimentally, ¢, +v, in Fig. 7).

The range of growth rates was also necessary &ppked in
the case of the Al-Si irregular lamellar into thegular rod-like
structure transition, [17].

The ranges of growth rate (associated with thecsiral
transitions) are required by the progressive vangsbf branches,
in both mentioned situations.

When the irregular into the regular structure titgos occurs,
it means that the system recedes consequently tiiermarginal
stability to achieve the stationary state, exclelsivas observed

experimentally in the stripes for, the - growth rate.

This phenomenon confirms that the stationary gtégs the
role of an attractor for the investigated system.

The recommended thermodynamic criterion conneaetthe
structural competitions observed in the stripes Hseen
successfully verified, Fig. 7.

According to the verified criterion the system s#dethis
regular eutectic structure: lamellar or rod-liker fwhich the
minimum entropy production is situated lower.

The theoretical predictions, Fig. 7, confirm thaeé trod-like
regular structure is formed twice, over th& v <v, (locally) and

v, <V <y, rate ranges.

So, the predictions are in good agreement with
experimental observations of the stripes morphalogy
However, the above confrontation is possible predidhe
surface energies are treated as the anisotropigieagFig. 6.
The use of both
a) criterion of minimum entropy production
b) concept of marginal stability
allows for explaining the cyclical manner of theegular eutectic
morphologies formation in the strengthening striesshown in
Fig. 10a, (A = B). It occurs, when the crystal growth rates
satisfy the following formulap<v<vy, .

the
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